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(54) Method of reducing the amount of carbon in an interface between an epitaxial film and a Si 
substrate 



(57) A method for manufacturing a semiconductor 
device is disclosed herein by which the contamination of 
an epitaxial film-Si substrate interface with carbon can 
be solved without allowing boron to remain in the epitax- 
ial film-Si substrate interface. The method for manufac- 
turing a semiconductor device according to the present 
invention comprises a step of ion-implanting, into an Si 
substrate, an element or a compound which eashy 
reacts with carbon, a step of removing a natural oxide 
film on the Si substrate, a step of annealing, at a tem- 
perature of 800°C or less in a CVD device, the Si sub- 
strate which has been subjected to the ion-implantation 
and the removal of the natural oxide film by the above 
two steps, and a step of carrying out an Si epitaxial 
growth or an Si^C^x epitaxial growth on the annealed 
substrate by the CVD device. 
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Description 

BACKGROUND OF THE INVENTION 

(i) Field of the Invention 

The present invention relates to a method for reduc- 
ing the amount of a carbon contamination particularly in 
an interface between an epitaxial film and an Si sub- 
strate in an Si epitaxial growth or an Si^G^x epitaxial 
growth onto the Si substrate by using a gas such as 
SiH 4f Si 2 H 6 , GeH 4 or B2H 6 as a material and using a 
CVD device. 

(ii) Description of the Prior Art 

With regard to the technique of an Si epitaxial 
growth or an Si^Ge* epitaxial growth onto an Si sub- 
strate by using a gas such as SiH 4 , Si 2 H 6 , GeH 4 or 
B 2 H 6 as a material and using an ultra high vacuum type 
CVD device (hereinafter referred to as "the UHV-CVD 
device") in which vacuum exhaust is possible up to an 
ultravacuum region, its application to a channel epist- 
ructure in a fine CMOS at a level of 0.1 urn and a next 
generation bipolar transistor is particularly expected. 
Heretofore, this kind of epitaxial growth has been car- 
ried out as follows. 

In the first place, a natural oxide film on the surface 
of an Si substrate is removed by a dilute hydrofluoric 
acid (DHF) treatment, and an agent solution was then 
washed out with water, immediately followed by wash- 
ing with an ammonia - hydrogen p_eroxide - pure water 
mixed agent solution (APM washing), to remove parti- 
cles and organic substances on the surface of the sub- 
strate. Afterward, the agent solution is washed out with 
water. In order to remove the natural oxide film formed 
by the APM washing, the dilute hydrofluoric acid (DHF) 
treatment is further carried out. Afterward, water wash- 
ing is done, and the Si substrate is then dried, for exam- 
ple, by the use of a spin drier. Next, the Si substrate is 
loaded into a growth chamber 9 of a UHV-CVD device 
shown in Fig. 6. The loaded Si substrate 8 is supported 
by a suscepter 12, and then heated by a substrate 
heater 1 1 . A heater chamber 1 0 in which the substrate 
heater 1 1 is installed, and the growth chamber 9 are dif- 
ferentially exhausted by the Si substrate 8 itself, and the 
respective chambers are exhausted to a vacuum level 
of 10~ 9 to 10* 10 Torr by a turbo-molecular pump 13. 
Here, a final wet pretreatment of the Si substrate is the 
DHF treatment, and therefore the surface of the Si sub- 
strate remains exposed. In consequence, organic sub- 
stances in a clean room atmosphere are deposited on 
the Si substrate during an interval until it is loaded into 
the UHV-CVD device [Applied Physics A39, p. 73 
(1986)]. If the epitaxial growth is carried out. allowing 
the organic substances (carbon) to remain, a carbon 
contamination remains in an epitaxial film-Si substrate 
interface, so that the crystallinity of the epitaxial film 
noticeably deteriorates and, for example, the deteriora- 
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tion of electric properties such as the backward bias 
leak current of a pn junction occurs. Thus, after the Si 
substrate 8 is loaded into the growth chamber 9, it is 
once heated up to high temperature such as 850°C by 
s the substrate heater 1 1 and then subjected to hydrogen 
annealing at this temperature at a vacuum degree of 10 
Torr. By this treatment, the above carbon contamination 
can be removed (The 42nd Applied Physics Related 
Combination Lecture (1995) Preliminary Manuscript, 
w 29a-Q-8). Afterward, the temperature is lowered to 
800°C or less, and an Si epitaxial growth or an Si^Gex 
epitaxial growth is then carried out onto the Si substrate 
8 by the use of a gas such as SiH 4 , Si 2 H 6 , GeH 4 or 
B 2 H 6 as a material at a temperature of 600 to 800°C. 
is For example, in the case that a selected Si^Gex epi- 
taxial film is applied onto a base of a high-speed bipolar 
transistor, an Si 2 H 6 gas or a GeH 4 gas is first used to 
grow a non-doped selected Si^Gex epitaxial film, and 
an Si 2 H 6 gas, a GeH 4 gas or a B 2 H 6 gas is then used to 
20 grow an in-situ B-doped selected Si^Gex epitaxial film 
(so that a parasitic barrier by an Si t _ x Ge x -Si hetero junc- 
tion may not be formed at a base-coilector junction). 

When the Si epitaxial growth or the Si^Ge* epitax- 
ial growth is carried out in the above conventional man- 
25 ner, a contamination, particularly boron (B) in the 
growth chamber 9 is deposited on the Si substrate dur- 
ing the hydrogen annealing which is carried out immedi- 
ately before the epitaxial growth. This takes place for the 
following reason. In the UHV-QVD device, the B^g gas 
30 or the like is used for the sake of the in-site boron doping 
into the epitaxial film, but when this gas is introduced 
into the growth chamber, boron adheres to the inside 
wall of the growth chamber and it remains thereon. Fur- 
thermore, also in the case that the Si substrate already 
35 doped with boron at a high concentration is treated, 
boron vaporizes from the surface of the Si substrate, 
and it adheres to the inside wall of the growth chamber 
and remains thereon. Then, when the temperature of 
the growth chamber becomes higher temperature than 
40 800°C, the remaining boron tends to volatilize from the 
inside wall of the growth chamber, and it is also depos- 
ited on the Si substrate. 

If the temperature is lowered, allowing boron to 
adhere onto the Si substrate and this substrate is then 
45 subjected to the epitaxial growth as it is, boron remains 
in the epitaxial film-Si substrate interface. This has a 
bad influence on electric properties of devices such as 
the fluctuation of a threshold voltage in a fine CMOS 
(because in an n-channel transistor, the threshold volt- 
50 age is controlled by a boron concentration in a channel 
section) and the deterioration of a cut-off frequency in a 
high-speed bipolar transistor using the Si^Ge* epitax- 
ial film as a base (because a parasitic barrier by boron 
is formed at a base-collector junction). 

55 

SUMMARY OF THE INVENTION 

The present invention has been developed with the 
intention of solving these problems, and an object of the 
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present invention is to solve the problem of a carbon 
contamination in an epitaxial film-Si substrate interface, 
without allowing boron to remain in the epitaxial film-Si 
substrate interface. 

That is to say, the present invention is directed to a 
method for manufacturing a semiconductor device 
which comprises a step of ion-implanting, into an Si 
substrate, an element or a compound which easily 
reacts with carbon, a step of removing a natural oxide 
film on the Si substrate, a step of annealing, at a tem- 
perature of 800°C or less in a CVD device, the Si sub- 
strate which has been subjected to the ion-implantation 
and the removal of the natural oxide film by the above 
ii two steps, and a step of carrying out an Si epitaxial 
M growth or an Si^Gex epitaxial growth on the annealed 
substrate by the CVD device. 

According to the present invention, the problem of 
the carbon contamination can be solved in the manner 
that the ion-implanted element or compound reacts dur- 
ing the annealing with the carbon (organic substances) 
adhered to the surface of the substrate after the removal 
step of the natural oxide film to vaporize and remove the 
carbon. In addition, this annealing temperature can be 
set to 800°C or less which is lower than a conventional 
annealing temperature, and therefore it can be pre- 
vented that boron and the like which remain on the 
inside wall of the CVD device are volatilized therefrom 
and then deposited on the substrate. That is to say, 
according to the present invention, boron can be pre- 
vented from remaining in the epitaxial film-Si substrate 
interface, whereby the problem of the carbon contami- 
nation in the epitaxial film-Si substrate interface can be 
solved. 

BRIEF DE SCRIPTION OF THE DRAWINGS 

Fig. 1 is a flow sheet of Example 1. 

Fig. 2 is a flow sheet of Example 2. 

Fig. 3 is a flow sheet of Example 3. 

Fig. 4 shows a dependency of a boron sheet con- 
centration in an epitaxial film-Si substrate interface in a 
pretreatment method (Examples 1 to 3 and a conven- 
tional example). 

Fig. 5 is a sectional view of a high-speed bipolar 
transistor of an Si^Gex epitaxial film base which is 
used in the evaluation of a cut-off frequency. 

In Fig. 5, 

1 is an emitter N + type polysilicon, 

2 is a silicon oxide film. 

3 is a P + type polysilicon, 

4 is a base Si^Gex layer, 

5 is a collector N" type epilayer, 

6 is an N + layer, and 

7 is a P* type Si substrate. s 

Fig. 6 is a schematic view of a UHV-CVD device 
used in an Si^Gex epitaxial growth. 
In Fig. 6, 



8 is an Si substrate, 

9 is a growth chamber, 

10 is a heater chamber, 

11 is a substrate heater, 
5 12 is a suscepter, 

13 is a turbo-molecular pump, and 

14 is an inlet for a gas such as SiH 4 , Si 2 H 6 , GeH 4 or 
B 2 H 6 . 

10 Fig. 7 is a flow sheet of a conventional example. 

DETAILED DESCRI PTION OF THE INVENTION 

An element or a compound which easily reacts with 
15 carbon is what easily reacts with carbon at a tempera- 
ture at the time of annealing. Examples of the element 
include oxygen, hydrogen and halogens. Examples of 
the halogens include chlorine, fluorine, bromine and 
iodine. 

20 Examples of the compound include compounds of 
these elements mentioned above, and examples of 
such compounds include HF, H 2 0 and HCI. 

Above all. oxygen, hydrogen, chlorine and fluorine 
are preferable, and oxygen, hydrogen and chlorine are 
25 most preferable. 

The element or the compound is preferably 
implanted into a position of the substrate which is not so 
m deep from the surface of the substrate so that it may 
\\ easily diffuse to the surface at the time of the annealing. 
30 This position is within 600 A, preferably within about 250 
A from the surface of the substrate. 

In the present invention, the substrate is usually 
washed to remove particles and organic substances on 
the surface of the substrate after the ion-implantation 
35 step. This washing is usually accomplished with an 
ammonia-hydrogen peroxide-pure water mixed agent 
solution (APM washing). In general, since Si is exposed 
on the surface of the substrate before the washing, a 
natural oxide film is formed on the surface of the sub- 
40 strate by this washing step. 

No particular restriction is put on a removal method 
of the natural oxide film on the Si substrate, any method 
can be used, so long as it does not have a bad influence 
on the substrate. For examplei, a method using dilute 
45 hydrofluoric acid can be used. In addition, a method 
which is accomplished simultaneously with a next 
annealing step can also be employed. 

A temperature for the annealing step is in a temper- 
ature range in which boron does not volatilize or 
>o scarcely volatilizes from the inside wall of a growth 
chamber of CVD and the ion-implanted element or com- 
pound is reacted with carbon (organic substances) on 
the surface of the substrate. Concretely, the tempera- 
ture for the annealing step is in the range of 400 to 
5 800°C, preferably 600°C or more. 

A gas which can be used as a material for an epi- 
taxial growth in the present invention is preferably one 
or more selected from the group consisting of hydrides 
of Si, Ge and B such as SiH 4 , Si 2 H 6 , GeH 4 and B 2 H 6 . 
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Next, the present invention will be described with 
reference to drawings. 

Example 1 

5 

Fig. 1 is a flow sheet of Example 1 of the present 
invention. In the first place, a p-type Si substrate (resis- 
tivity = 10 to 20 Q • cm) having a (100) surface and a 
diameter of 150 mm was prepared, and a thermal oxide 
film having a thickness of 100 to 200 A was formed on w 
this substrate. Next, an oxygen ion was ion-implanted 
into the substrate under an accelerating energy of 20 
keV at a dose of 10 l4 /cm 2 to form an oxygen-implanted 
layer in an extremely shallow region (depth = about 200 
A) in the surface of the Si substrate. Next, a DHF treat- is 
ment was carried out to etch and remove the thermal 
oxide film, and after water washing. APM washing was 
done to remove particles and organic substances from 
the surface of the substrate. After water washing, 
another DHF treatment was carried out to remove a nat- 20 
ural oxide film on the surface of the Si substrate. After- 
ward, an agent solution was washed out by water 
washing, and finally, the Si substrate was dried by the 
use of a spin drier. Next, the Si substrate was loaded 
into a UHV-CVD device shown in Fig. 6. 25 

The Si substrate was set to a suscepter 12. and 
then heated, for example, up to 750°C at a temperature 
of 800°C or less by the use of a substrate heater 11. At 
this time, a base pressure was at a level of about 10* 9 
Torr. Immediately after the Si substrate was maintained 30 
at this temperature for about 10 minutes, the tempera- 
ture was lowered to 700°C, and an Si epitaxial film hav- 
ing a thickness of 2000 A was formed by the use of an 
Si 2 H 6 gas. Afterward, the Si substrate was taken out, 
and a contamination- amount of carbon (C) and boron 35 
(B) in an Si epitaxial film-Si substrate interface was 
measured by the use of an SIMS. According to the 
results measured by the SIMS, the C contamination in 
the interface was not confirmed in this example as in the 
case of a conventional example in accordance with a 40 
flow sheet shown in Fig. 7. This fact of the example 
would be due to that oxygen diffuses from the oxygen- 
implanted layer formed on the surface of the Si sub- 
strate into the surface of the Si substrate at the ultra 
high vacuum annealing at 750°C, and this oxygen 45 
reacts with C in the surface of the Si substrate to form 
CO and C0 2 and they then volatilize from the surface of 
the Si substrate. It has been found that if the oxygen- 
implanted layer is formed in the vicinity of the surface of 
the substrate, the diffusion of oxygen into the surface of so 
the Si substrate sufficiently occurs even at about 750°C, 
and in consequence, the C contamination on the DHF- 
treated Si substrate surface can easily be removed. 

The results of the B (boron) contamination are 
shown in Fig. 4. That is to say, in this example, the B 55 
contamination was about lO^/cm 2 in terms of a sheet 
concentration, and this contamination amount was as 
low as 1/10 of a conventional example in which the B 
contamination was about 10 12 /cm 2 . This fact of the 



example was due to that the annealing before the 
growth step was done at a low temperature of 750°C, 
and so the volatilization of B which adhered to the inside 
wall of the growth chamber was much more restrained 
* as compared with the annealing at 850°C in the conven- 
tional example. 

Next, electric properties of devices were inspected 
to evaluate the effects of the B contamination reduction 
in the interface. 

Fig. 5 is a sectional view of a high-speed bipolar 
transistor of an Si^Ge* epitaxial film base which is 
used in the evaluation of a cut-off frequency. On each p" 
type (100) Si substrate (resistivity = 10 to 20 O • cm) 7. 
an N + layer 6, a collector N* epitaxial layer 5, a silicon 
oxide film 2 and a p + type polysilicon 3 were formed, 
and a non-doped Si^Gex epitaxial film and in-situ B- 
doped SivxGe x epitaxial base growth was carried out in 
accordance with the flow sheets of this example and the 
conventional example. After the growth, an emitter N + 
type polysilicon 1 was formed. In accordance with the 
procedures of this example and the conventional exam- 
ple, high-speed bipolar transistors of the Si^Ge* epi- 
taxial film bases were formed, and a collector current 
dependency at a cut-off frequency in each high-speed 
bipolar transistor was then measured. According to the 
measured results, a maximum cut-off frequency f t was 
about 40 GHz in the conventional example, but in this 
example, it was improved to about 60 GHz. This effect is 
due to that the B contamination of in the epitaxial film- 
substrate interface can be remarkably restrained as 
described above. 

Example 2 

Next, a second example of the present invention will 
be described. 

Fig. 2 is a flow sheet of Example 2 of the present 
invention. An Si substrate used herein was the same as 
in Example 1 . The same procedure as in Example 1 
was conducted except that hydrogen was ion-implanted 
in place of oxygen. According to the results measured 
by an SIMS, any C contamination in an epitaxial film-Si 
substrate interface was not confirmed in this example. 
This fact would be due to that hydrogen diffuses from a 
hydrogen-implanted layer formed on the surface of the 
Si substrate into the surface of the Si substrate at an 
ultra high vacuum annealing at 750°C, and this hydro- 
gen reacts with C in the surface of the Si substrate to 
form hydrocarbons and the like and they then volatilize 
from the surface of the Si substrate. It has been found 
that if the hydrogen-implanted layer is formed in the 
vicinity of the surface of the substrate, the diffusion of 
hydrogen to the surface of the Si substrate sufficiently 
occurs even at about 750°C. and in consequence, the C 
contamination on the DHF-treated Si substrate surface 
can easily be removed. 

As shown in Fig. 4, a B sheet concentration in the 
interface in this example was about 10 11 /cm 2 , and so 
the B contamination in the interface could be restrained 
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to about 1/1 0 of a conventional example. This fact is due 
to that, as in Example 1, the annealing before the 
growth was carried out at a low temperature of 750°C. 
and so the volatilization of B which adhered to the inside 
wall of a growth chamber was much more restrained as 
compared with the annealing at 850°C in the conven- 
tional example. 

Furthermore, also in this example, a bipolar transis- 
tor shown in Fig. 5 was experimentally made as in 
Example 1 , and electric properties of the transistor were 
evaluated. According to the evaluated results, a maxi- 
mum cut-off frequency f, in the high-speed bipolar tran- 
sistor of an Si^xGex epitaxial film base made by the 
procedure of this example was about 60 GHz as in 
Example 1, which meant that the f t value could be much 
more improved owing to the restraint of the B contami- 
nation in the interface than in the conventional example. 

Example 3 

Next, a third example of the present invention will 
be described. 

Fig. 3 is a flow sheet of Example 3 of the present 
invention. An Si substrate used herein was the same as 
in Example 1 or 2. The same procedure as in Example 
1 or 2 was conducted except that chlorine was ion- 
implanted in place of oxygen or hydrogen. According to 
the results measured by an SIMS, any C contamination 
in an epitaxial film-Si substrate interface was not con- 
firmed in this example. This fact would be due to that 
chlorine diffuses from a chlorine-implanted layer formed 
on the surface of the Si substrate to the surface of the Si 
substrate at an ultra high vacuum annealing at 750°fc, 
and this chlorine reacts with C in the surface of the Si 
substrate to form chlorides of carbon and the like and 
they then volatilize from the surface of the Si substrate. 
If the chlorine-implanted layer is formed in the vicinity of 
the surface of the substrate, the diffusion of chlorine to 
the surface of the Si substrate sufficiently occurs even 
at about 750°C, and in consequence, the C contamina- 
tion on the DHF-treated Si substrate surface can easily 
be removed. ■ 

As shown in Fig. 4, a B sheet concentration in the 
interface in this example was about 10 11 /cm 2 , and so 
the B contamination in the interface could be restrained 
to about 1/10 of a conventional example. This fact is due 
to that, as in Example 1 or 2, the annealing before the 
growth was carried out at a low temperature of 750°C. 
and so the volatilization of B which adhered to the inside 
wall of a growth chamber was much more restrained as 
compared with the annealing at 850°C in the conven- 
tional example. 

Furthermore, also in this example, a bipolar transis- 
tor shown in Fig. 5 was experimentally made as in 
Example 1 or 2, and electric properties of the transistor 
were evaluated. According to the evaluated results, a 
maximum cut-off frequency f, in the high-speed bipolar 
transistor of an Si^Ge* epitaxial film base made by the 
procedure of this example was about 60 GHz as in 



Example 1 or 2, which meant that the f, value could be 
much more improved owing to the restraint of the B con- 
tamination in the interface than in the conventional 
example. 

5 According to the present invention, an epitaxial film 
can be formed which is free from contamination with 
carbon in an interface between an epitaxial film and an 
Si substrate and an element (e.g., B) which adheres to 
the inside wall of a growth chamber 9 in a UHV-CVD 

w device. As a result, there can be obtained an effect of 
remarkably improving electric properties such as a leak 
current in a diffusion layer of a fine CMOS, the fluctua- 
tion of a threshold voltage, a junction leak between a 
base and a collector in a high-speed bipolar transistor of 

15 an Si^Gex epitaxial film base and cut-off frequency. 

Claims 

1. A method for manufacturing a semiconductor 
20 device which comprises 

a step of ion-implanting, into an Si substrate, 
an element or a compound which easily reacts 
with carbon, 

25 a step of removing a natural oxide film on the Si 

substrate, 

a step of annealing, at a temperature of 800°C 
or less in a CVD device, the Si substrate which 
has been subjected to the ion-implantation and 
30 the removal of the natural oxide film by the 

above two steps, and 

a step of carrying out an Si epitaxial growth or 
an Si^xGex epitaxial growth on the annealed 
substrate by the CVD device. 

35 

2. The method for manufacturing a semiconductor 
device according to Claim 1 wherein the natural 
oxide film is a film formed by a washing step carried 
out after the ion-implantation step. 

40 

3. The method for manufacturing a semiconductor 
device according to Claim 1 wherein the element or 
the compound which easily reacts with carbon is an 
element or a compound selected from the group 

45 consisting of oxygen, hydrogen, halogens and com- 
pounds thereof. 

4. The method for manufacturing a semiconductor 
device according to Claim 2 wherein the element or 

so the compound which easily reacts with carbon is an 
element or a compound selected from the group 
consisting of oxygen, hydrogen, halogens and com- 
pounds thereof. 

>5 5. The method for manufacturing a semiconductor 
device according to Claim 3 wherein the halogen is 
c chlorine. 

6. The method for manufacturing a semiconductor 
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device according to Claim 4 wherein the halogen is 
chlorine. 

The method for manufacturing a semiconductor 
device according to Claim 1 wheran the epitaxial 5 
growth by the CVD device is accomplished by 
using, as a material, one or more selected from the 
group consisting of hydrides of Si. Ge and B such 
as SiH 4 , Si 2 H 6 , GeH 4 and B 2 H 6 . 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 7 
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